The aim of this study was to analyse lower limb joint moments, powers and electromyography patterns in elite race walking. Twenty international male and female race walkers performed at their competitive pace in a laboratory setting. The collection of ground reaction forces (1000 Hz) was synchronised with two-dimensional high-speed videography (100 Hz) and electromyography of seven lower limb muscles (1000 Hz). As well as measuring key performance variables such as speed and stride length, normalised joint moments and powers were calculated. The rule in race walking which requires the knee to be extended from initial contact to midstance effectively made the knee redundant during stance with regard to energy generation. Instead, the leg functioned as a rigid lever which affected the role of the hip and ankle joints. The main contributors to energy generation were the hip extensors during late swing and early stance, and the ankle plantarflexors during late stance.
INTRODUCTION
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Sagittal plane movements were the focus of this study as they are the most important movements in race walking and 2D measurements are therefore appropriate for this type of analysis (Alkjaer, Simonsen & Dyhre-Poulsen, 2001 ). The shutter speed was 1/500 s, the fstop was 2.0, and there was no gain. The camera was placed approximately 12 m from and perpendicular to the line of walking. The resolution of the camera was 1280 x 1024 pixels. Extra illumination was provided by 26 lights providing 4 kW each of overhead floodlighting.
Four reference poles were placed spread out across the 4 m data collection area in the centre of the running track. The poles provided twelve reference points for vertical and horizontal calibration.
Surface EMG signals were recorded from seven muscles of the right leg: gluteus maximus (GM), biceps femoris (BF), rectus femoris (RF), vastus lateralis (VL), gastrocnemius (lateral head) (GL), soleus (SO) and tibialis anterior (TA). Skin preparation involved shaving and cleansing of the surface with alcohol swabs (Okamoto, Tsutsumi, Goto & Andrew, 1987) .
The single differential electrodes (DelSys, Boston) consisted of two silver bars 10 mm long, 1 mm wide, and 10 mm apart in a polycarbonate casing. The reference electrode was placed over the fourth lumbar vertebra. After identifying the appropriate site by palpating the contracted muscle, each electrode was placed over the muscle belly, aligned parallel to the underlying muscle fibre direction (Clarys & Cabri, 1993) . A telemetry unit (DelSys, Boston) was used to collect the data at 1000 Hz. The Common Mode Rejection Ratio (CMRR) was 92 dB, the bandwidth frequency between 20 and 450 Hz, the gain was 1000 V/V, and the input impedance greater than 100 GΩ. EMG data collection lasted 5 s and began approximately 2 s before initial contact with the force plates. The EMG collection software was synchronised with both the force plate software (Kistler, Winterthur) and the camera system (RedLake, San 7 Diego) using a Trigger Output Module (Wireless) (National Instruments, Austin) and a Kistler connection box (Kistler, Winterthur).
Data analysis
The video files were manually digitised by a single experienced operator to obtain kinematic data (SIMI Motion, Munich). Digitising was started at least 10 frames before the beginning of the stride and completed at least 10 frames after to provide padding during filtering (Smith, 1989) . Reliability of the digitising process was estimated by repeated digitising of one race walking sequence with an intervening period of 48 hours. The results showed minimal systematic and random errors and therefore confirmed the high reliability of the digitising process. Whole body digitisation was conducted and de Leva's (1996) body segment parameter models used to obtain data for the whole body centre of mass, right thigh, right lower leg, and right foot. A cross-validated quintic spline was used to smooth the data prior to displacement calculations whereas a recursive second-order, low-pass Butterworth digital filter (zero phase-lag) was employed to filter the calculations of the 1 st and 2 nd derivatives (Giakas & Baltzopoulos, 1997a,b) . The cut-off frequencies were calculated using residual analysis (Winter, 2005) and ranged from 7.0 to 11.6 Hz.
Race walking speed was determined as the average horizontal speed of the centre of mass during one complete gait cycle, which was defined from the start of swing to the end of stance. Stride length was measured as the distance between successive right foot contacts using the digitised data. Stride length was also expressed as a percentage of the participants' statures, and referred to as stride length ratio. Cadence was calculated as the reciprocal of stride time. To calculate stride time, the two contact phases plus the flight phase between them were measured using the force plates. These times were added to the duration of the 8 first flight phase which was measured using the video data (as the initial right toe-off did not occur on a force plate). 'Foot ahead' was used to describe the horizontal distance from the right foot to the centre of mass at initial contact. Similarly, 'foot behind' was the horizontal distance from the right foot to the centre of mass at the final instant of contact. Both of these distances were also expressed as a proportion of stature and referred to as foot ahead ratio and foot behind ratio respectively. The hip angle was defined as the sagittal plane angle between the trunk and thigh segments. The knee angle was calculated as the sagittal plane angle between the thigh and leg segments. Both hip and knee angles were considered to be 180° in the anatomical standing position and angles beyond 180° as hyperextension. The ankle angle was calculated using the lower leg and foot segments and considered to be 110° in the anatomical standing position (Cairns et al., 1986) . With regard to kinetic data, peak braking and propulsive anteroposterior forces were expressed as bodyweights (BW) and the brakingto-propulsion value represented the time spent in the braking phase as a percentage of contact time.
The kinetic data were matched with the kinematic data (Bezodis et al., 2008) and extracted at 100 Hz. The kinetic data included anteroposterior and vertical ground reaction forces and centre of pressure data; the kinematic data included segment and joint linear and angular velocities and accelerations. These data were used to calculate net joint moments using a link segment rigid body model (Winter, 2005) . Power was calculated by multiplying the moment by the joint angular velocity; positive power indicated that mechanical energy was being generated, while negative power indicated energy absorption (White & Winter, 1985) . In order to account for different body sizes in this study, and in order to compare results with similar previous research, muscle moments were normalised using body mass and stature, while powers were normalised using body mass only (Hoga et al., 2006) . Because the mean 9 swing duration was 54.1% of total stride time, each athlete's swing data were interpolated to 55 points and their stance data to 46 points (for a total of 101 points) using a cubic spline to normalise both periods of the gait cycle. The raw EMG signals were processed using average rectified EMG (AREMG), with a moving time window of 50 ms and an overlap of 25 ms.
These data were also interpolated to 101 points using a cubic spline. In order to facilitate the identification of key events during the gait cycle, specific peaks on each moment and power trace are labelled (A1, K2, etc.) in a similar fashion to previous studies (White & Winter, 1985; Bezodis et al., 2008) .
Statistical analysis
Independent t-tests were conducted to compare values between men and women, with adjustments made if Levene's test for equality of variances was less than 0.05. Pearson's product moment correlation coefficient was used to find associations between normalised joint moments and powers and key variables in race walking; an alpha level of 5% was set.
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RESULTS
The values for key kinematic, kinetic and temporal variables are shown in Table 1 . Race walking speed was correlated with stride length (r = .66, P = .002), stride length ratio (r = .52, P = .018), cadence (r = .66, P = .002), contact time (r = -.59, P = .006), and foot behind (absolute: r = .53, P = .017; ratio: r = .45, P = .047). The men were faster than the women, and while men's mean stride length was longer when expressed as an absolute value, stride length ratio was not different. Similarly, men had longer foot ahead and foot behind distances, but neither of these differed between men and women when expressed as a ratio.
There were no differences for any temporal variable, joint angle, or normalised kinetic variable. Several absolute moment and power peaks were found to differ between men and women, but the vast majority of differences were not present after normalising (a similar outcome was found when comparing senior and junior athletes). Because there were so few significant differences between genders when normalised, these elite athletes have been Braking-to-propulsion (%) 42.5 ± 7.0 42.4 ± 5.4 0.04 .966
Ankle
At toe-off, the ankle was plantarflexed at an angle of 132° (± 6) which decreased by approximately 40° during early swing. The energy generating dorsiflexor moment which caused this action decreased considerably during mid-and late swing but noticeable tibialis anterior activity continued throughout the swing phase while the activity of the triceps surae remained relatively low. During early stance, the average ankle dorsiflexion angle decreased by approximately 20° to reach the anatomical standing position (110°). This movement was initiated by a short plantarflexion moment (A1) but was quickly interrupted by an energy absorbing dorsiflexion moment (A2) before the plantarflexor moment continued. In the midstance phase, the ankle dorsiflexed as the lower leg rotated about the ankle joint. This motion coincided with an energy absorbing plantarflexor moment (A3) which lasted for approximately 15% of total stride time. The EMG amplitudes of gastrocnemius and soleus increased considerably during this period, indicating an eccentric loading of the triceps surae muscle-tendon unit. Moving into late stance, the activity of the triceps surae gradually decreased while the preparation for toe-off was controlled by a powerful energy generating plantarflexion moment which peaked at about 80% of total stride time. Thereafter, this plantarflexor moment reduced rapidly and a small dorsiflexor moment occurred with a reversal of the EMG pattern from triceps surae activity to tibialis anterior activity. There were no correlations between any of the peak values for ankle moments or powers and the variables featured in Table 1. 13
Knee
In early swing, the knee flexed from a toe-off angle of 145° (± 5) to a maximum flexion value of 107° (± 5). The knee experienced an extensor moment during this phase which actually began in late stance (K1) and decreased in magnitude until approximately 20% of stride time (midswing) before experiencing an energy absorbing flexor moment during late swing (K2)
as the knee extended to 180° (± 3) at initial contact. Peak knee extension angular velocity (10.14 rad/s ± 0.81) occurred during the late swing phase at 38% of stride time. The EMG traces showed slight rectus femoris activity during early swing and a high activity of biceps femoris during late swing, while vastus lateralis activity gradually increased towards heel strike. The peak knee moments and powers during swing (K1 / K2) were correlated with race walking speed ( Table 2 ). The early swing moment was the only one correlated with stride length, but both peak swing moments and powers were correlated with cadence. Furthermore, these swing moments were both correlated with foot behind (r = .54, P = .015 and r = -.48, P = .033 respectively), but only the early swing moment (K1) was correlated with foot ahead (r = .54, P = .013). was followed by a larger flexor moment as the knee hyperextended to a maximum of 185° (± 3); the athletes spent 66% (± 14) of stance time with the knee hyperextended. After midstance, the flexor moment generated energy (K4) to allow the knee to flex and prepare for swing; this moment was correlated with cadence (r = .58, P = .007). During late stance, an energy absorbing extensor moment occurred as the knee flexed (K1). Vastus lateralis activity was noticeable during the knee extension phase, although rectus femoris activity was not. The vastus lateralis activity continued to be present for the majority of the stance phase. Biceps femoris activity was also relatively high, peaking during midstance before diminishing prior to toe-off. During this late stance phase, rectus femoris activity increased to its highest magnitude during the gait cycle.
Hip
During early swing, the hyperextended hip (185 ± 4°) flexed due to an energy generating flexor moment (H1), coincident with activity of rectus femoris. Peak hip flexion angular velocity (4.79 rad/s ± 1.18) occurred at 15% of stride time (during the early swing phase).
During midswing, an extensor moment absorbed energy (H2) with increased gluteus maximus activity observed from 20 to 35% of stride time. Following this the hip flexed to its furthest point of 150° (± 6). During late swing, hip extension occurred due to the extensor moment becoming energy generating (H3) with high EMG activity in the two hip extensors analysed, gluteus maximus and especially biceps femoris. The early-and mid-swing moments and powers did not correlate with any key variables, but the late swing moment (H3) was correlated with both speed and cadence, and its associated power with cadence only (Table 2) .
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At initial contact, the hip angle was 170° (± 3). A second, larger energy generating extensor moment (H4) occurred during early stance which extended the hip to approximately 180°.
Both the early stance moment and power values were correlated with the knee angle at initial contact (Table 2) , and power only with foot ahead distance (r = .53, P = .016). Additionally, this moment was negatively correlated with peak braking force (r = -.45, P = .048) and the duration of the braking phase (r = -.47, P = .038). Following this, a smaller extensor moment occurred as the hip hyperextended, and continued biceps femoris and gluteus maximus activity was observed. During midstance, a flexor moment began which absorbed energy.
The hip reached a maximum hyperextension angle of 190° (± 4) at which point the flexor moment generated energy reducing the hyperextension angle prior to toe-off and continuing the flexion movement into early swing. Rectus femoris was active during this flexor moment while the activity of the hip extensors diminished. crucial role in generating mechanical energy. Furthermore, the negative correlation between this extensor moment and the peak braking force and duration of the braking phase suggest that it served to reduce the amount of braking experienced during early stance, a key characteristic of efficient race walking. Race walkers are thus recommended to develop a forceful extension of the hip during these gait phases with exercises that position the hip and knee in a manner which replicates race walking movements as normal athletic exercises might lack the specificity required for this unique form of gait.
The defined role of the knee in race walking had a profound effect on all lower limb joints.
Because the knee was straightened from initial contact to midstance (and tended to be hyperextended), it could not extend during late stance to propel the centre of mass forwards (as in running) but instead underwent flexion. The rate of knee flexion prior to toe-off was controlled by an energy absorbing knee extensor moment which allowed the foot to maintain ground contact for longer. This not only increased the foot behind distance but also provided the swing leg with more time to advance so that the foot ahead distance was increased before any flight occurred. The contribution of this knee extensor moment to stride length is noteworthy and may be one of the discrete factors that enable fast race walking while minimising flight time. The hyperextension of the knee resulted not only in little energy generation, but also in prolonged energy absorption by the ankle plantarflexor muscles during 22 midstance and early hyperextension and periods of energy absorption at the hip. As a result, the race walkers in this study employed the straightened leg as a long rigid lever for most of the stance phase prior to toe-off. This meant that the largest contributor to the generation of energy was the coupling of the hip extensors (during late swing and early stance) and the ankle plantarflexors (during late stance). This coupling resulted from a proximal-to-distal passive energy transfer from the hip to the ankle via the straightened knee, and aided the relatively small triceps surae muscles in producing the large final plantarflexor moment.
In Table 2 , three of the joint moment peaks and two of the power peaks were correlated with speed, and all largely occurred during swing. The majority of these were at the knee, with one at the hip. There were no correlations between ankle moments and powers with any key performance variables. These five peaks were also correlated with cadence, but only one moment (annotated as K1 in Figure 2 ) was correlated with stride length as it began during late stance. Leg joint kinetics during swing were therefore important as they increased cadence through the rapid forward movement of the midswing leg which was a key component in maintaining whole body forward momentum given the limited contribution of the contralateral midstance leg to energy generation. While the contribution of the stance leg is still important, it appears from our data that the fast movement of the swing leg is a defining feature of better performances. In addition to the swing leg's role in performance, the restraint on knee flexion during midswing could be a crucial intervention in facilitating full knee extension prior to initial contact. However, the large magnitude of power (6.3 ± 1.0 W/kg) required for deceleration of the lower leg which occurred later in swing was by far the largest energy absorbing power recorded. Similar to fast running (Chumanov, Heiderscheit & Thelen, 2011) , this may be a cause of the frequent injuries to the hamstrings in race walkers (Francis et al., 1998) given that at the same time this biarticular muscle group contributed to a 23 large hip extensor moment. Correct stance leg technique is obviously important, but race walkers should be attentive to the development of swing leg technique, and to the risk of injury inherent in its rapid movements.
The results from our study provide the most in-depth description of EMG activity patterns in elite race walking. Of the muscles analysed, the gluteus maximus and biceps femoris were active from midswing to prevent too great a hip flexion angle prior to heel strike. These synergist muscles continued as powerful hip extensors from late swing until midstance. The prominence of the biarticular hamstrings was also notable as they were involved in decelerating knee extension during late swing. On the anterior thigh, vastus lateralis activity was evident before, during and after initial contact which suggested that suitably trained quadriceps muscles are required for achieving and maintaining knee extension. However, the biarticular rectus femoris was less involved in knee extension during this phase, and more as a hip flexor. In the lower leg, the triceps surae muscles were almost silent during swing but contracted during contact causing the large plantarflexor moment in late stance which coupled with the early stance contraction of the hip extensors as the primary sources of energy generation. In building on our results, future studies which combine analysis of EMG with frontal and transverse plane movements are recommended.
CONCLUSIONS
Race walking is a highly technical event whose rules have a distinct effect on lower limb joint kinetics and EMG. By conducting a unique study combining muscle moments and powers with EMG in elite athletes, we have provided evidence for the role of particular leg muscles and associated joint movements. The straightened knee rule restricted the leg to the role of a rigid lever for much of the stance phase, and the event's rules influenced a swing 24 pattern which was crucial in generating forward momentum. The swing leg moments and powers were important contributors to race walking speed because they negated the limited contribution of the leg during midstance. In addition, hip extensor moments during early stance coupled with an ankle plantarflexor moment during late stance were key contributors to energy generation. Race walk coaches are advised in particular to employ training regimens which develop the strength of the key muscle groups, such as the hamstrings and hip flexors, to forcefully move the lower limbs and reduce the risk of injury during the swing phase.
